the mean gene frequency p of the total population (this is thought to represent the gene frequency of a founding population) (128) . The productp(l-p), which represents expected random genetic drift, is also used (77) . The covariance matrix among alleles is used in the Mahalanobis approach, which eliminates redundancy due to correlated alleles (11).
These distance measures have been criticized because they do not originate from any particular biological model (136) . However, Morton's measure is in fact derived from a model which assesses identity by descent of genes, although its success in actually doing so has been debated (J91).
All of these approaches carr\' the assumption that gene frequency differences between subpopulations are not too large. When the inverse of the covariance matrix is used as a standardizing function, as in the Balakrishnan-Sanghvi measure, this assumption is explicit: a common covariance matrix is used, and covariance depends on gene frequencies. The other measures also depend implicitly on this assumption by invoking a common rate of expected drift among subpopulations. measured by some function of p.
Angular Transformation Distances
Several closely related distance measures have been advanced by 47) . These measures involve an arcsine transformation of gene frequencies in order to make gene frequency variances independent of the frequencies themselves. This accommodates a model of evolution in which gene frequencies change according to a pure drift process modeled by Brownian motion (see 65 for an especially lucid description of this model).
Angular transformation measures are often criticized on the grounds that the transformation fails to provide independence at extreme gene frequencies {p < .05 and/J > .95) (12, 134) . This is true to some extent, however, of ali genetic distance measures (65) . Since the drift model assumes equal sizes of all populations, it is not appropriate when widely divergent sample sizes are used.
Gene Substitution Approaches
Nei (133, 134, 136) proposed a set of genetic distances which are designed to measure the number of codon substitution differences between two populations. Equal sizes of subpopulations are assumed. Unlike most other distance methods, which assume a pure drift model. Nei's method also incorporates mutation, assuming equilibrium between mutation and drift. In contrast to Morton's approach, which assumes a fixed number of alleles per locus, Nei's methods assume an "infinite alleles'" model. This model, based on current findings in molecular genetics, recognizes that most mutations will result in a unique nucleotide sequence at the locus under consideration. Latter (106, 107) has also devised methods designed to estimate codon substitution rates.
These distance methods are well suited to comparisons at and above the species level, since they are approximately linear with time (136) . If there has been little or no gene flow between populations, and if a random sample of the genome is obtained for distance analysis, Nei's methods can be used to estimate the amount of time since the divergence of two populations (145) . Since these assumptions are not met in studies of humans, such estimates of divergence times for human populations must be regarded with caution.
In contrast to many of the other genetic distances, the sampling distributions of Nei's distances have been studied extensively (118, 119. 131, 137. 143) . This allows the estimation ot' standard errors and confidence limits for these distances. The interlocus sampling variance is much larger than the intraiocus variance (unless the sample size is extremely small), so sampling variance is reduced more effectively by adding more loci rather than by adding more individuals (i37, 143).
Nei's measures have been criticized because they are not metric distances li.e. they do not satisfy the triangle inequality: for populations /, j, and k. d (i,j) dii,k) + d (j,k) , where d is the distance between pairs of populations] (55). However, this criticism applies only when a small number of loci are used. If a large enough number of loci are studied, these distances are asymptotically metric (64, 140, 150) .
Information Measures
Several measures have been proposed which measure gene diversity based on an information-theoretic approach. Although not distance measures in a strict sense, these genetic diversity indices can be apportioned into within-and between-groups diversity, yielding an estimate of overall genetic distance among groups. Lewontin (110) first used this approach. He applied the Shannon-Wiener information index, H ~ ~j pjlog^^, to genetic data for human races. Similar approaches for measuring genetic diversity have been formulated by Nei and colleagues (31. 135) , Latter(108), andRao(157) . In the best available review of these techniques. Rao (157) found that all information measures gave highly similar results at most gene frequencies. However, he noted that the Shannon-Wiener measure overestimated diversity at low gene frequencies, echoing an earlier criticism by Mitton (120) .
Concordance of Genetic Distance Measures
It is by now a commonplace to state that the major types of genetic distances produce highly correlated results when applied to human populations. This has been demonstrated both by comparative statistical analysis (10. 65, 72, 80, 96. 170) and empirical experience (see 84. p. 143 for examples) . However, when distances between different species are estimated, the correlations between various measures decrease substantially (33). This results in part from the fact that some distance measures, such as those of Nei and Latter, are linearly related to divergence time while others arc not.
JORDE
One difficulty in comparing various distance measures is the diversity of notation and styles of presentation used in the original publications. Rao (157) has overcome this problem by providing a unified notational and theoretical framework for all of the major distance measures. SOME NEW GENETIC DISTANCE MEASURES Although many researchers feel that genetic distance measures already exist in sufficient abundance, new ones continue to appear. Some of these are different enough from existing measures to warrant attention; their properties will be summarized here. Karlin et al (90, 91) have devised an original set of approaches based on principles of exploratory' data analysis. These techniques are not based on genetic theory. Instead, they employ nonparametric statistical procedures, placing primary importance on robustness and freedom from the distributional assumptions that usually accompany parametric methods. The approach basically involves comparing the gene frequencies of each subpopulation to those of a "standard" population (e.g. a founding population or the average of all subpopulations). A nonparametric sign test is used to determine if one subpopulation is closer to the standard than another. The subpopulations can thus be ordered in terms of their ordinal distances from the standard population, and statistical significance levels can be assigned to the order comparisons. In addition, Karlin et al have devised weighting functions to emphasize either rare or common alleles in the calculations.
Nonparametric Methods
These techniques were applied by Karlin et al to study the genetic structure of worldwide Jewish populations and to explore the extent of gentile contributions to the Jewish gene pool. Morton et al (126) have explored the same questions, using their own distance techniques with a partly different set of populations and loci. Although they conclude that there is "reasonable agreement" between the orderings of Karlin et al and their two-dimensional topologies, substantial disagreements are also presented. In the one case in which a direct comparison was made using the same loci and populations (29), a high degree of congruence was obser\'ed between the nonparametric and traditional genetic distance methods.
Coancestry Coefficient for Short-term Evolution
Using a pure drift model. Reynolds et al (160) have devised a distance statistic designed especiaiiy for studies of relatively small, closely related populations (such as those often studied by anthropologists). They compare their statistic with several others using simulation data and show that it tends to be more reliable in sotne circumstances. The authors detnonstrate the use of a jacknifttig procedure to estimate sampling variance, and a statistically satisfactory weighting technique is developed for summing loci. The measure is nearly identical to that of Rogers (165) when diallelic loci are used (65) but differs for multiallelic loci.
Dismnce Based on Presence or Absence of Alleles
Mickevich & Mitter (117) have proposed a unique distance measure in which alleles are coded 1 or 0 to denote whether or not they are present in a given subpopulation. Distances are then formed on the basis of the number of shared alleles. This distance measure has been shown to exhibit erratic behavior when applied to simulation data (65) . Since most human populations differ in the frequencies, but not the presence, of alleles, this measure would not be appropriate for use in human genetic distance studies.
DISPLAY TECHNIQUES Genetic Maps
Several techniques reduce distance matrices into a more manageable twodimensional graphical representation. Tbe first of these, principal coordinates analysis, is tbe method most commonly used to produce the familiar twodimensional genetic "maps." This technique has been reviewed elsewhere (84. 100) . With the exception of new interpolation techniques and color graphics (115, 155) . little new methodological work appears to have been done since these reviews were published. The principal coordinates approach is mathematically sound, and the frequency of its use in the published literature indicates a high degree of consumer satisfaction.
Multidimensional scaling also generates genetic maps and can be performed on either metric or nonmetric data. It has the advantage of statistical robustness. Lalouel 1100) reviews tbe technique extensively and discusses its application to both symmetric and asymmetric matnces.
Evolutionary Trees
In marked contrast to the two-dimensional maps, a great deal of work has been done on estimating the structure of evoiut!onar\' trees during the past several years (see 59 and 62 for thorough reviews). This reflects tbe fact that trees attempt to convey more information about relationships between populations than do maps, [n spite of a substantial body of effort, it is still debatable whether tree methodologies really achieve this goal.
Many tree methods are based on tbe criterion of maximum parsimony: tbe tree which requires the fewest number of gene substitutions between branching points is found. This is equivalent to the "minimum evolution" method first used by . The approach works best with populations that have diverged relatively recently, since back mutations and convergent evolution violate the assumptions of the mode!.
Other tree methodologies are based on the compatibility principle. Here an attempt is made to fmd the tree that is compatible with the largest number of variables (e.g. gene frequencies). The compatibility and parsimony approaches have been reviewed thoroughly and critically hy Felsenstein (62) .
A substantial amount of work has been done on maximum likehhood techniques for phylogeny estimation (56, 59, 60, 63, 190) . The tree is chosen in which the statistical likelihood of a given data set is maximized, given the particular phylogenetic model under consideration. Felsenstein is the leading exponent of this approach, and he has developed a "restricted" maximum likelihood algorithm which avoids some ofthe pitfalls of earlier endeavors. In particular, the problem of singularities in the likelihood surface is overcome. This approach has the advantages of a solid statistical basis and the ability to estimate standard errors of branch lengths. Also, the likelihoods of various topologies are calculated, allowing a w^ell-defined statistical evaluation of which topology is "best." Disadvantages include relatively slow computation and dependence on the assumptions of this parametric method. Also, it is possible to obtain only a local maximum when using this technique; thus it does not guarantee that the "best'' tree will be found.
Templeton (187, 188) has proposed a highly original approach to tree estimation. His technique is intended for use with restriction site and/or DNA sequence data (which will be discussed below). A maximum parsimony tree is generated for each restriction enzyme used (these correspond roughly to loci or small sets of loci). Then the compatibility criterion is applied in order to select a single tree that corresponds most closely with the largest number of individual parsimony trees. A nonparametric sign test can be used to determine whether two trees differ significantly. This approach has the advantages of distributionfree robustness and relative ease of computation. If convergent evolution due to parallel mutations is probable (i.e. when kt>.05, where \ is the gene substitution rate and t is the time since divergence between subpopuiations), the method does not work well. In this case, Templeton advises resorting to the maximum likelihood approach cited above. An application of these methods to mitochondrial DNA data from humans and great apes (66) has yielded a provocative phylogeny. The human line splits before the chimp-gorilla divergence, which leads Templeton to conclude that bipedalism (or at least an incipient version of it) may have been the primitive state in the human-chimpgorilla ancestor, while knuckle-walking is a derived state which evolved after humans split from the chimp-gorilla line. Nei et al (150) have compared several tree-making algorithms, including Farris's (54) maximum parsimony approach and the unweighted paired-group method (UPGMA), a simple agglomerative clustering technique. The tech-niques were applied to simulated data where the true phylogeny was known. Interestingly, the UPGMA technique, which consumes ver\' little computer time, gave the most accurate results. Recently, a method has been derived to estimate the standard errors of branching points in UPGMA trees (146), allowing statistical inference. It would be interesting to conduct a similar comparison between UPGMA and the maximum likelihood approach.
One of the most persistent problems in applying tree methods to human data is the omnipresence of gene flow between populations after their divergence. This vitiates any estimate of divergence times (145) . A partial solution to this problem has been proposed by Lathrop (105) . who presents a method that simultaneously calculates maximum likelihood estimates of phylogenies and admixture rates between populations. A criticai assumption is that the duration of admixture is short relative to the period of isolation between two subpopuiations. Often, not enough is known about the migration history of human populations to ensure that this assumption will be fulfilled. Still, the method should be useful in some cases.
As in any genetic distance methodology, tree estimation is more reliable when a large number of loci is used. Estimated trees are nearly always erroneous (i.e. the topological arrangement will be wrong) if the number of loci is less than 30 (145, 150) . if populations are closely related (as in many anthropological studies), even trees based on l(X) ioci will usually be incorrect (140). This is because the error variance of genetic distances increases when the distances arc small. In addition, adding more populations to the analysis increasestheprobability that the tree will be incorrect (92, 150) . Thus, it is best to use as few populations as pt^issibk. One good rule of thumb is to use at least three to four times as many independent characters as populations (156).
Maps or Trees?
In deciding whether to estimate genetic maps or trees, the researcher must weigh the advantages and disadvantages of each. Maps otter computational case and good statistical definition. Unlike comparisons at the species level, comparisons of human populations sometimes do not involve any type of hierarchical structure. Since trees imply hierarchy, they tend to be inappropriate in such situations. The ubiquity and complexity of human migration pattems guarantee that branching points in trees will nearly always be suspect, in spite of promising new advances in incorporating admixture into tree estimation. On the other hand, many tree methods now allow the estimation of confidence limits for branching points and branch lengths, while statistical cnor estimation is absent from map methods.
Statistical confidence has remained sadly neglected in nearly ail distance studies. Whether by using tree methods that allow statistical inference, or by examining the standard errors of genetic distances themselves and using maps, more attention needs to be paid to statistical significance. It could well be that many controversies in human microevolution involve topologies (either maps or trees) that are not statistically different from one another.
Autocorrelation
A novel development in the display of genetic relationships is the application of spatial autocorrelation methods to gene frequency data (48a, [176] [177] [178] . An autocorrelation is the correlation of a series of frequencies, in this case arranged along a spatial coordinate system, with itself. At a displacement distance of zero, the autocorrelation is of course 1.0. but it is expected to decrease as the displacement distance increases. For example, the correlation between the series and itself, displaced by 50 kilometers, might be 0.5. Autocorrelations at regular geographic distances are plotted against distance (displacement) in a correlogram. In a pure drift system, there should be no spatial pattem of gene frequencies, so all autocorrelations at non-zero displacement values should be zero. Autocorrelation pattems corresponding to environmental gradients could indicate natural selection, while others (especially if they are similar for all loci) could reflect pattems of gene flow. This method has been apphed to data from Bougainville (176) and indicates, in agreement with earlier studies, that gene flow^ is the primarv' determinant of genetic variation here. As discussed below% it has also been applied to pan-European gene frequencies to test hypotheses regarding the spread of farming during the Neolithic period (177) .
APPLICATIONS OF GENETIC DISTANCE ANALYSIS
There are at least three major areas in which genetic distance studies can be applied: 1. microevolutionandhistor\ of local populations; 2. macroevolution ofthe human species; 3. medical applications. Microevolution is defined here as short-term changes in gene frequencies of populations in restricted geographic areas. These changes result almost exclusively from the action of random drift and gene flow. Following Dobzhansky's (44a) usage, macroevolution refers to evolution of the human species in a more global and long-term sense. Here the action of natural selection is of great importance, but it will be argued that random genetic drift and gene flow have also played important roles in human evolution.
The great majority of distance studies have concentrated on microevolution. However, a few studies have contributed to macroevolution and medical studies as well. This section will discuss some salient empirical findings in each area.
Microevolution and History-
It would be impossible to summarize the vast number of studies that have been conducted on the microevolution of local human populations. Thus. the discus-sion which follows is necessarily personal, eclectic, and unrepresentative ofthe total Hterature. It will be shown that some historical questions have been answered satisfactorily, others may soon be answered, and otbers probably can never be answered. A larger sample of microevolutionar\./historical studies can be found in several recent edited volumes (39, 4K 52, 79, 192) .
Population geneticists have devoted much attention to the origin and genetic composition of modern Jewish populations. While most studies discern at least some degree of Middle Eastem affinity for Jewish popuiations, the amount of admixture between Jews and tbeir gentile neighbors is the subject of continued disagreement. Most analyses reveal a fairly low amount of total gene flow between Jewish and other populations, although the European Jews tend to show higher rates of admixture than Oriental or African Jews. These conclusions have been reached by applying gene diversity analyses (158), cluster analysis (95). nonparametric distance techniques (91), discriminant analysis (28). F-statistics (94) . maximum likelihood estimation of admixture (129) . least-squares estimation of admixture f 193), and other approaches (130) .
Morton et ai (126) reached different conclusions after applying kinsbip bioassay, isolation by distance, and admixture estimation techniques. They conclude that a high rate of admixture has persisted between most Jewish and gentile populations-on the order of I % per generation. Over many centuries, this rate w^ould nearly eliminate genetic differences between Jews and their neighbors. This constrasts vvith Motulsky's {129) total estimate of admixture of only about \2^^c. One reason for this disparity may be the extraordinary differences in admixture rates estimated using different loci. For example. Cavalli-Sforza & Carmelli (30) found almost 100% admixture when the ABO locus v^' as used, but the HLA loci indicated nearly 0% admixture. Similar interlocus heterogeneity was detected by Wijsman (193) in her least-squares analysis of admixture. Since there is uncertainty regarding drift effects, ancestral gene frequencies, and possible convergent selection at some loci, the question of Jewish-gentile gene tlow may never be answered completely.
. A question w-hich has been largely answered is that of the origin of the Romany Gypsies. This population had long claimed a northern Indian ancestry, but some skepticism prevailed until studies of the .ABO locus in the !92Os showed that Hungarian Gypsies were indeed much more similar to northem Indians than to native Hungarians (18). Further studies using additional loci have corroborated this result for central European Gypsies, but many northern European Gypsy populations are not genetically similar to northem Indian populations (182). This couid reflect drift eflects as well as gene flow from surrounding populations. There has also been speculation that tbe Irisb Tinkers have Gypsy origins, but genetic distance studies have sbown no evidence for this (36).
Cavalli-Sforza and colleagues have used gene frequencies to study the diffusion of farming from the Near East across Europe. The question is whether fanning spread by cultural diffusion (spread of the idea) or demic diffiision (spread of farmers themselves). A complex modification of the principal coordinates approach (115, 155) and an autocorrelation technique (177) have heen applied to European gene frequencies. The studies demonstrate that spatial gene frequency pattems correspond closely with archaeological maps of the spread of agriculture, implying demic diffusion. A major difficulty with these studies is controlling for the numerous migrationai events that took place hoth before and after the spread of agriculture. Also, the genetic data are not of uniformly good quahty. Nonetheless, the congruence of genetic and archaeological maps is tantalizing. With better genetic data and more historical information, this question may be answered definitively. An intriguing example of the insularity of some populations is given by , who studied six subpopulations in Cumbria, northwest England. One of the subpopulations, the Lake District, was genetically quite divergent from the others, although present-day migration data indicated it should not be. Noticing that many of the villages in this area had Norwegian names and recalling a Viking incursion into the region, genetic distances were calculated between the Cumbrian subpopuiations and a composite Norwegian population. The Lake District was shown to be genetically more similar to Norway than to any of the other Cumbrian subpopulations. It is remarkable that in spite of the population movements that must have occurred during the past 1000 years, the Viking genetic influence is still so clearly observable. Apparently this population was ver\' isolated during most of its past.
Many other recent applications of genetic distances to historical and microevolutionary questions could be discussed. Some examples include the genetic affinities of the American Indians (180), the genetic origin and histor\' of the Icelanders (85, 189, 193) . the origins of the Lapps (50), genetic relationships of Eskimos and Alaskan Indians (38, 183, 184) , origins of the Aland Islanders (86) . and the colonization of the South Pacific Islands (171) .
Macroevolution
Genetic distance studies have not yet added a great deal to our understanding of human macroevolution. Due in part to discouraging results in trying to use gene frequencies to measure natural selection (e.g. 127), some population geneticists have concluded that genetic studies in the human can never advance macroevolutionar>' knowledge (76) [although this author has since softened his position somewhat (78) ]. In this section, some recent examples are cited which show that distance studies can indeed provide macroevolutionaiy insights.
Several studies have examined human genetic variation at the level of major races. The consensus is that the majority (85-90%) of genetic variation lies within, rather than between, races (108, 110, 138, 144, 145) . Nevertheless, it is possible to classify individuals quite accurately into major racial groups by using multiple-locus methods (r75a).
Phylogenetic relationships among the major races have also been explored (138, 145. 156) . Using an impressive number of kKi (62 protein and 23 blood group loci), Nei and colleagues estimated the divergence time between the Caucasoid and Mongoloid races at 50,000 years and the divergence time between the Negroid and Caucasoid-Mongoloid groups at 120.000 years Before Present (BP). Further work of this type is being done using mitochondrial DNA polymorphisms (138. 139) . As noted earlier, estimates of divergence times for human populations are fraught with difficulties, but they at least provide a good comparison ol genetic similarity among races.
These studies show that some groups, such as the American Indians. Papuans, and Australian aborigines, appear to have had higher gene substitution rates than others (hindering further the estimation of divergence times). This maybe because of drift effects (145) . but it could also be the result of different selective environments.
With the exception ofthe highly divergent Lapps, all European populations are ver\^ closely related, a finding which could be attributed to high migration rates. In fact, the genetic distances betw^een English populations and northern Indian populations are much lower than those of geographic neighbors like the Bushmen and Bantus or the Alaskan Indians and Eskimos.
Several good demonstrations of the effects of genetic drift on gene frequencies have been published. A study ot" HLA frequencies in the Dariusleut Hutterites has shown that this population, which had a founding size of only several hundred, has diverged markedly from its ancestral populations (121) . . A study of Utah Monnon gene frequencies demonstrated that this population, by contrast, is nearly identical genetically to its northem European founding populations (114). This reflects a founding population size of many thousands and a large amount of gene flow after colonization. In this study. Anabaptist Hutterite. Amish, and Mennonite groups were also compared with European populations. The divergence between the Amish and Hutterites. who were derived from the same ancestral stock, was greater than that between any two European populations. The Mennonites, who had somewhat higher population >izes, had diverged substantially less. A classic similar study is that of Glass (70) on the Dunkers of Pennsylvania. Again, substantial gene frequency divergence due to small population sizes was demonstrated.
What do these studies of racial variation and genetic drift tell us about human macroevolution? For one thing, random genetic drift has had powerful effects on human gene frequency variation. Considering the shifting-balance theor\^ of Sewall Wright (198) , such drift effects provide the genetic variance that facilitates location of "adaptive peaks" for climatic adaptation, disease resistance, etc. Such action of natural selection is reflected in possible latitudinal selection gradients for some gene loci (155) and in the immense morphological and immunological diversity of the human species. Gene flow, which counteracts the effects of drift, has also heen an important force, as evidenced by the close genetic kinship of the European populations. Variation in gene flow and drift effects, coupled with natural selection, could account for the apparent differences in evolutionary rates noted in various human populations.
Studies of human populations can also make important contributions to macroevolutionary understanding because of the many types of data that are unique to the species. One has only to peruse the literature of animal population genetics to discover that written records afford a record of human gene flow that is far superior to that of animal capture-recapture studies. As discussed below, such data have led to several interesting theoretical developments conceming the relationship between genetic covariance matrices and migration matrices.
Another useful type of data which exists in abundance for humans is that of quantitative traits (e.g. anthropometries and dermatoglyphics). These data can aid in leaming more about the effects of evolutionary forces on traits determined by one versus many loci, as will also be discussed later.
Medical Applications
Genetic distance studies can be useful in helping to understand the distribution of genetic diseases in populations. A good example is given by McLeilan et al (114) in their study of Utah Mormon gene frequencies. Hemochromatosis, a previously little-known recessive iron-storage disorder, has been found to occur with high frequency in this population (about one in 200 to 300 adults). Since the Mormons are similar genetically to other Caucasian U.S. and northem European populations, the disease is probably just as common in these populations and should be screened more carefully (it has heretofore been confused with several other diseases). Screening would allow early detection and prevention of life-threatening symptoms. The Mormon study also implies that the rates of cancer and heart disease in this population, among the lowest in the United States, are due to lifestyle factors rather than a unique genetic constitution.
In contrast to the Mormons, the Old Order Amish, who are genetically divergent from their forebears, exhihit high frequencies of genetic diseases that are rare elsewhere (113) . Similar ohservations have been made in the Aland Islands (51) and in isolated Finnish mainland populations (151, 152). These findings reflect the influence of genetic drift and, in some cases, inbreeding.
Genetic distance analyses have just begun to contribute to medical studies. With the ascendancy of genetic epidemiology (92a, 124) and an everincreasing appreciation ofthe importance of genetic diseases, there is considerable potential for further such contributions.
COMPARISONS OF DISTANCES BASED ON DIFFERENT TYPES OF DATA
Studies of distances based on gene frequencies are greatly enriched by comparisons with distances estimated from other types of data, such as migration, vsonymy, pedigrees, linguistic affmities. or anthropometries. A review of such comparisons was given several years ago (84) . Here, new work on two areas of interest will be summarized: estimation of gene flow from genetic covariance matrices and the comparative value of monogenic and polygenic traits for evolutionary studies.
Migration and Genetic Distances
Felsenstein (61) recently defined several unsolved problems in population genetics. One of these was: "For any given {genetic] covariance matrix, is there a corresponding migration matrix which would be expected to lead to it? If so. how can we find it?." Several approaches have been developed to deal with this problem. They illustrate nicely how human genetic data can be used to test evolutionary predictions, and they will be summarized here.
The best-known effort in this direction is that of Harpending & Ward (78) . who used extensive linear algebra to demonstrate a direct and predictable mathematical relationship between a genetic covariance matrix and an estimated symmetric Markov migration matrix. For the relationship to hold, the diagonal elements of the migration matrix (endogamy rates) must be greater than .5. which is usually reasonable for human populations. If systematic pressure (immigration from outside the population) is uniform across subdivisions, then their theory predicts a linear relationship between heterozygosity in each subpopulation and the subpopulation's distance from the gene-frequency centroid [given by (p, -p)-//7( 1 ~p)]. When heterozygosity is plotted against distance from the centroid, those subpopulations that deviate from the regression line are inferred to have received more or less than average immigration from outside the population. Such plots have been applied in several genetic distance studies (37, 40, 44) .
Another approach to this probJem is thai of Wijsman et al (194) . They derive a multivariate least-squares regression method to predict a migration matrix when genetic covariance matrices and population sizes are known for multiple time periods. The method differs from that of Harpending and Ward both in its mathematics and in its assumption that the population is closed to outside immigration (although they show that low immigration rates do not distort the results appreciably). Their method was applied to covariance matrices derived from isonymy data, but gene frequency covariance matrices could also be used.
A third method (163a: A. R. Rogers, submitted for publication) does not predict a full matrix of migration rates hut predicts the overall migration rate atid effective population size. Here Wright's (197) F,,. a standardized index of genetic variance, is calculated from the gene frequencies of adults and children in the same population. Since genetic drift occurs at reproduction, F^, should be lower in adults than in children. The difference between F^,, in adults and children can be used to estimate both population size and migration rate.
The last approach of this type (125) uses the well-known Malecot isolationby-distance equation, ^(d) = ae~'"'. w'here (b(W) is kinship between subpopulations at distance d. a is an estimated parameter denoting local random inbreeding, and b is anotber estimated parameter that measures the decay rate of kinsbip witb geographic distance. The terms a and b are estimated by fitting the equation to kinship coefficients estimated from gene frequencies. Since a and b have predicted equilibrium relationships to effective population size and effective migration rate, they can be used to estimate these parameters. A major weakness of this method is its dependence on tbe isolation by distance model, wbicb has been the subject of controversy (57. 58. 98, 99, 123) . However, an empirical test of this model revealed a fairly high degree of accuracy (125) .
All four of these methods are quite new and require further theoretical evaluation and empirical testing. Trials witb data wall be especially useful, since unfulfilled predictions often lead to the most interesting explanations.
Value of Monogenic Versus Poly genie Traits for Distance Studies
Population distances based oti monogenic serological data have been compared Vkith distances based on polygenic anthropometric data in a number of studies (see 84 and 159 for examples). In general the correlations between tbe two types of data have not been ver>^ high, particularly at tbe level of major races (142, 145. 156 ). This appears to result from the fact that morphological traits are more responsive to the effects of natural selection than are most blood markers. The correlation between tbe two types of data would be expected to decrease as larger geographic areas, witb greater environmental (and thus selective) variation, are studied.
Birdseil (14) suggested that genetic drift should have less impact on polygenic than monogenic traits, since he felt that the effects of drift at multiple loci cancel one another. Hence, the between-population divergence of polygenic traits would be slower and less subject to stochastic effects than that of monogenic traits. He concluded that polygenic traits, including dermatoglypbics and anthropometries, should then be more useful than monogenic blood markers for deducing historical relationsbips between populations. This assertion has been repeated several times (68, 159, 167. 196 ), but it is based on inappropriate reasoning (A. R. Rogers and L. B. Jorde. in preparation) . The quantity of interest for this question is the between-groups genetic variance. Sewall Wright (197) demonstrated that the expected value of the between-groups variance is equivalent in monogenic and polygenic traits (see also 7; 23. chap. 12:32.56, 101 , and 102 for related work). Rogers &Harpending (164) have extended this analysis to the case in which multivariate normality and linkage equilibrium are not assumed. They verify Wright's conclusion for the expectation of between-groups variance. and they show that the precision of the estimate (measured by the variance ofthe between-groups variance) is the same for polygenic and monogenic characters. Thus. monogenic traits are just as useful as polygenic traits for distance studies.
One empirical test of Birdsell's assertion has been performed (68). Nine villages classified into three language groups were analyzed. The hypothesis was that if drift has less effect on polygenic traits than on monogenic traits, then an assessment of intervillage distances based on dermatoglyphic data should show tighter clustering of villages into historical language groups than would an assessment based on gene frequencies. Discriminant analysis was used to analyze the dermatoglyphic data, and principal components analysis was used to analyze the gene frequencies. Tighter clustering within language groups was observed when dermatoglyphic trans were analyzed, and the authors concluded that drift does have less effect on polygenic traits. However, discriminant analysis is designed specifically to yield maximum separation of defined groups, while principal components analysis is not. Thus, this result may well be explained by the use of two different techniques rather than differential sensitivity to drift Lewontinl 110a) also addressed this questi(in in a recent theoretical analysis He showed that in certain cases a polygenic character will yield statistically significant between-population differences while a single monogenic trait will not. He also showed that the reverse resuli can obtain. However. Lewontin's analysis does not address the general statistical relationship between monogenic and poiygenic traits and thus does not contradict Wright's (197) original conclusion (163b)
COMPARISONS OF GENETIC DISTANCES USING DIFFERENT TYPES OF LOCI
Several recent studies have shown disparities between results based on red cell antigens (biood groups) and those based on electrophoretic systems. McLeilan et at (114) found that genetic distances based on HLA antigens and electrophoretic systems correlated highly with one another and yielded genetic maps that corresponded closely with geographic maps of populations. Distances based on blood groups had lower correlations with the HLA-derived and electrophoretically derived distances, and the congruence with geographic distances was substantially lower. Ryman ct a! (168), who assessed worldwide genetic vanation using HL.A. biood group, and ciectrophoretic loci, obtained similar results. Nei (139) compared results based on blood groups, electrophoretic loci, and actual DNA sequences from mitochondria in a recent study of major races. The DNA sequence results were better correlated with those of the electrophoretic data than with those of hlood groups.
There are several possible explanations for this apparent lack of agreement between blood groups and other types of data: 1. The blood groups may be more subject to natural selection than the electrophoretic loci. A recent study of racial variation in heterozygosity and genetic distance (3 la) lends support to this possibility. However, this would not explain the concordance between electrophoretic loci and the HLA system, since the latter is almost certainly influenced by selection (16). 2. Since electrophoretic alleles reflect differences in sizes and shapes of proteins, they reflect directly the amino acid sequences of proteins, and thus, to the extent that code redundancy and wobble can be disregarded, the responsible DNA codons. The properties of red cell membrane antigens, and their relationship to DNA sequences, are much more poorly understood. Again, this would not explain why HLA loci, which are observed as antigens, correlate highly with electrophoretic loci. 3. The electrophoretic as well as the HLA loci have codominant alleles. while the blood group loci often involve complex dominance relationships among alleles. This means that gene frequency estimation in blood groups is more difficult and more subject to error. This is particularly true in small populations, where loci are less likely to be in Hardy-Weinberg equilibrium and sampled individuals are more likely to be related to one another.
These findings are a cause for concern, since hlood groups constitute much of the available data for genetic distance studies, and since they are the primar\' basis of many or most previous studies of human genetic structure. This problem underscores again the need to employ as many loci as possible in genetic distance studies. Studies based on only a few loci have no place in modern population genetics. In addition, the jacknifing procedure advocated by Rao & Boudreau (158) , in which the distance analysis is repeated with a different locus omitted each time, should often be used. This can reveal the distorting influence of one badly behaved locus, a problem which can be especially severe when using parametric distance estimation techniques. Finally, some of the new types of genetic data to be outlined in the next section may offer a way out of this difficulty.
DISTANCE STUDIES OF THE FUTURE: NEW TYPES OF GENETIC DATA
Many of the problems now encountered in genetic distance studies reflect a paucity of appropriate data rather than deficiencies in methodology. Traditional approaches such as red cell antigen detection are still yielding new loci: over 170 red cell antigens are now known (145) (although not all are useful in distance studies). In addition, refinements and advances in electrophoresis. to be discussed in this section, hold promise. The most exciting possibilities for new data have been generated by recombinant DNA technology. These will be outlined at some length in thi>-seciion.
Advances in Electrophoresis
Electrophoresis has been a mainstay of genetic distance studies for nearly 20 years. A number of variations in the technique allow the detection of additional alleles: denaturation by heat or urea, alteration of buffer pH, isoelectric focusing, and modification of gel concentration and composition [e.g. starch vs polyacry!amide (35)]. A classic example of the detection of additional alieles using such modifications is the study by Singh et al (174) . Working with the .xdh locus in Drosophila, they increased the number of detectable alleles from 6 to 27 and raised heterozygosity from 44^ to 639c. A drawback of these approaches for distance studies is that they tend to increase the detection of rare atleles only (35). Alleles with low frequencies, as noted above, are less reliable for genetic distance estimation.
Another advance is two-dimensional electrophoresis (2DE) (see 35. 69. 7L and 132 for extended discussions). Here, two types of electrophoresis are executed sequentially in two different dimensions. The first dimension separates proteins by charge, and the second separates them by size. In contrast to one-dimensional electrophoresis, where one protein is analyzed on each gel. 2DE permits the simultaneous examination of many proteins on one gel. The first application of thi.s technique in humans '] 12; revesiled subsranrially less heterozygosit}' than traditional one-dimensional electrophoresis. a somewhat surprising finding. A halt dozen subsequent studies (cited in 132) have corroborated this, usually yielding average heterozygosity estimates of about 2%, as opposed to the 6% value obtained by conventional techniques. This difference could result from the detection of a different class of proteins by the 2DE approach or from differences in the technique itself. One recent study on humans has in fact obtained a 6% heterozygosity estimate (166), but this may be attributed to the use of plasma proteins, which in genera! yield a high heterozygosity rate.
Distances Based on Nuclear DNA Polymorphisms
Recombinant DN'A technology has led to some of the most significant biological discoveries ofthe past decade. Most current applications of this technology in human genetics involve gene mapping tor medical genetic studies (il6. !72). and spectacular results have been achieved (75. 195) . Gene therapyalteration of the genetic composition of somatic or even germ cells-is receivi.ig increased attention :3!. Rccomhinanr DN.A techniques can also be useful in generating polymorphisms for genetic distance studies. Although such applications are just beginning, they are a cause for optimism for the future of distance studies. Three techniques for assessing genetic distances using nuclear DNA will be discussed here. The interested reader is referred to (48) for a recent and readable introduction to recombinant DNA methods.
DNA-DNA HYBRIDIZATION Thls technique is conceptually quite simple. Mechanically sheared pieces of single-stranded DNA from two different populations are allowed to associate. The more closely related the two populations are (i.e. the greater their sequence homology), the higher the number of bonds that form between the DNA strands. The hybridized DNA is then exposed to increasing levels of heat, a process which breaks the bonds and separates the DNA strands. Under standardized salt concentrations. the temperature at which the strands separate is an indication of the degree of homology of the DNA sequences, with separation at higher temperatures indicating greater similarity. An application of this approach to hominoid phylogeny (173) showed that the gorilla diverged before the chimpanzee-human divergence, with the two events occuring at 8-10 million BP and 6.3-7.7 million BP. respectively. This differs from the mitochondrial DNA phylogeny discussed above, generating predictable controversy ilO9). It agrees, however, with a phylogeny based on chromosome banding patterns (199). Unfortunately. DNA-DNA hybridization technology does not allow fine resolution of DNA sequence similarity, so, at least for the present, it is not useful for intraspecific comparisons.
ANALYSIS OF DN.\ SEQUENCES Perhaps the ideal genetic distance would be based on the actual differences in nucleotide sequences between two populations. A variety of techniques exist for DNA sequencing (74. Ill), and they are being applied with enthusiasm. Thus far, only a tiny fraction of the three billion nucleotides of the human genome has been sequenced. Several methods have recently been developed to estimate heterozygosity (185) , genetic distances (as gene substitutions) (89, 185) , and evolutionary trees (60, 63) using DNA sequence data. Since there are only four types of nucleotides, while there are 20 types of amino acids, DNA sequences are easier to analyze statistically than are protein sequences. A comparison of the standard errors of the branching points of trees based on amino acid sequences, electrophoretic loci, restriction site polymorphisms (discussed below), and DNA sequences showed that DNA sequences yielded the smallest error rate (139) . Thus. DNA sequence data, when available in sufficient quantity, should prove useful for human genetic distance studies.
RESTRICTION SITE POLYMORPHISMS Restriction site methods provide an indirect way of observing DNA sequences. Since they are now the most popular and feasible approach to studying DNA polymorphism in the human, the techniques wil! be summarized briefly. Further details are given in (17. 48, 67. 172) .
This technique is based on the use of restriction enzymes (synonymous with restriction endonucleascsi. which are extracted from prokaryotic organisms such as Escherichia coli. When exposed to DNA from another species, these enzymes cut, or cleave, the DN.A. at certain nucieotide sequences (recognition .-sequences or restriction sites). Most restriction enzymes recognize either a four-base or a six-base nucieotide sequence. In one method of restriction site analysis, purified DNA representing tbe entire genome of an individual is digested with a restriction enzyme, resulting in numerous DNA fragments of van ing lengths. When subjected to agarose gel electrophoresis. shorter fragments will migrate faster than longer ones, allowing separation according to length. Digestion of all ofthe DN.A ofthe genome yields millions ot fragments which present an unintelligible "smear" un the gel: a method must be used to pick out only a few t"ragments of intere-^t. To do this, the fragments are transferred to a filter membrane such as nitrocellulose, where they are exposed to a radioactively labeled probe consisting of a defined DNA sequence [this is a Southern transfer, named after its inventor' i 79) |. Under standardized hybridization conditions, only DNA fragments containing sequences homologous to the probe will be observable when exposed to X ray film. Polymorphisms are identified when diiferent individuals have ditierem DNA sequences, causing the restriction enzymes to cut the DNA at different locations. The resulting variations in DNA fragment lengths are sometimes called "restriction fragment length polymorphisms." By u^ing different restriction enzymes and different DNA probes, various polymorpbic 'loci" can be defined in a population. The polymorphisms can represent single-base substitutions as well as deletions, additions, or rearrangements ^e.g. inversions) of multiple bases.
Some ofthe earliest and most commonly used statistical methods for estimating beteroyzgosity and genetic distances with restriction site data are those oi Nei & Li (141) . Extensions and corrections of this w'ork are given by Nei & Tajima (147) , and a maximum likelibood method for estimating substitution rates has been derived (148). A number of other approaches to estimating distances (87, 88) and heterozygositx i5}) have been put forward. In general, these methods yield similar results.
Methods have also been de\ ised to estimate the level of polymorphism using restriction site data (49. 53. 82). Although tbey give similar results, the last-cited approach has tbe lowest sampling variance An important assumption of these statistical methods is that the restriction sites are distributed randomly throughout the genome. Adams & Rothman (11 examined this assumption using 54 restriction enzymes with known sequences of human mitocbondrial DNA Ihey lound a markedly nonrandom distribution of restriction sites. This violation is apparentK ot consequence only if the expected total number of gene substitutions per site is greater than . 3 (148) or if the expected average heterozygosity is near LO (149) .
As in traditional genetic distance studies, where it is important to use as many loci as possible, one should use as many restriction enzymes as possible in restriction site analyses (147, 186) . Again, using more restriction enzymes lowers error variance more effectively than the use of more individuals.
Restriction site data offer several distinct advantages over traditional data for genetic distance studies. The number of restriction site loci, most of which are highly polymorphic, now exceeds 200 (see 34 for a recent partial enumeration). and it is increasing exponentially. Because virtually any part of the genome can be accessed, a truly random sample ofthe genome can likely be obtained for analysis. Also, DNA sequences with different functions can be analyzed. For example, regions that do not code for proteins (e.g. introns). and may thus be selectively neutral, can be analyzed and compared to sequences that do code for proteins.
All of these features could be tremendously useful in distance analyses. In fact, it has recently been suggested that DNA polymorphism data will soon replace blood groups and electrophoretic data altogether in genetic distance studies (65) .
Thus far, this approach has been used little, if at all, in studying typical anthropological populations. This can be attributed to both the newness and unfamiliarity of the methodology as well as to its perceived cost. Once blood samples are obtained, a fully equipped DNA laborator\' should be able to process 20 polymorphisms for roughly $ 1(K) to S2(K) per individual (M. Leppert and R. White, personal communication) . This assumes that digests with six to eight different restriction enzymes would be performed, and several different probes would be used with each digest on reusable filters. Since so many loci are now known, it would be easy to obtain highly polymoqjhic ones. The cost of obtaining additional polymorphisms would not be additive, since much of the expense involves initial preparation and purification of DNA. By way of comparison, typing of eight to ten typical blood groups costs about $35 to S50, and electrophoretic analysis of 20 loci (not all of which would be highly polymorphic) costs about $100 (T. McLeilan, personal communication). Thus, if an equipped DNA laboratory is available, the cost of obtaining DNA polymorphisms should not be substantially greater than that of traditional methods.
Distances Based on Mitochondrial DNA
About 1000 mitochondria exist in the cytoplasm of most mammalian somatic cells. These organelles, which are the sites of cellular respiration, may have originated from ancient bacteria that developed a symbiotic relationship with other cells and were eventually incorporated directly into their cytoplasm. Each mitochondrion has a small circular DNA molecule. The apparently universal nuclear DNA code does not apply to mitochondria: several of the mitochondria! DNA (mtDNA) codons produce amino acids that differ from those of their nuclear DNA counterparts (6, 13) . The size of the molecule. 16,569 base pairs in the human, is highly conserved in mammals, as is the arrangement of genes along the mtDNA molecule (20). One human mtDNA molecule has been sequenced completely (2) . Earlier studies concluded that most mtDNA sequence variation was due to single-base substitutions, but higher-resolution restriction site studies made possible by the sequenced human mtDNA molecule have shown that a large proportion of mtDNA mutations in noncoding regions are insertions and deletions of multiple bases (26). Recent reviews of the mtDNA literature are given by Avjse & Lansman (8) and Brown (20) .
Of particular interest for human evolutionarv' studies are the following features: (a) recombination does not occur in mammalian mtDNA (4); (b) in higher animals, mtDNA is inherited only through the maternal line (104); (c) the gene substitution rate of mtDNA is about ten times faster than that of nuclear DNA (21), although some segments of the molecule are constrained from rapid evolution (5). This high substitution rate could result from a higher intrinsic mutation rate, a lack of DNA repair mechanisms, shorter generation iength. or other factors (20, 25, 26) .
The maternal inheritance of and lack of recombination in mammalian mtDNA guarantee that mtDNA gene combinations will not be rapidly broken up by sexual reproduction as they are in nuclear DNA. This fact has been exploited to examine introgression and hybridization in mice (103) and sunfishes (9) . Similar applications could be pursued in humans.
The rapid evolution of mtDNA should yield more finely tuned distance analyses in closely related populations. The statistical techniques cited above for nuclear DNA can also be used for mtDNA restriction site and sequence data. Some of the population genetic theory (effective population size, fixation rates of mutants) pertinent to mtDNA has been worked out by Birky et al (15) .
Because the mtDNA genome is small and easy to isolate, it is more convenient to work with in the laboratory than is nuclear DNA. Laboratory^ methods for analyzing mtDNA restriction sites are similar to those of nuclear DNA. except that it is not necessary to hybridize the fragments with radioactive probes. This is because a typical digest will cleave the mtDNA in only a few places, producing only a few fragments. The fragments themselves can thus be radioactively labeled and visualized by exposure to X-ray film.
Several phyiogenetic studies of the hominoid species have been done using mtDNA. including the one by Templeton (187) mentioned above, in which restriction site data were analyzed. Templeton s study was particularly instructive in that mtDNA was used to resolve the chimpanzee-gorilla-human phyiogeny. but because of its high substitution rate, it was not useful to resolve the divergence date ofthe orangutan. This is because after about 15 million years, multiple substitutions at the same site begin to blur phylogenetic relationships. In order to estimate the orangutan divergence, nuclear DNA, which evolves more slowly, was used. Brown et al (22) analyzed mtDNA nucieotide sequences and concluded, as did Templeton, that the human line diverged before the ehimpanzee and gorilla lines did. Nei (139) reanalyzed tbese data, computing standard errors of branching points. He concluded that the standard errors were too high to allow resolution of the chimpanzee-gorilla-human divergence. A reanalysis of the data used by Templeton also led to the conclusion, contrary to Templeton's, that the standard errors were too high to permit resolution of the divergence question (139) . Several studies at the racial level have been done using mtDNA. An analysis of 235 individuals using only one restriction enzyme (43) led to the conclusion that since the apparently oldest fragment pattem w as most common in Asian populations, humans radiated from Asia about 50,000 to 100.000 years ago. Brown (19) analyzed the heterogeneity of human mtDNA and estimated that existing heterogeneity could be accounted for by a monomorphic founding population (even a single mating pair) originating about 2(K),000 years ago. Cann et al (24) constructed an evolutionary tree based on restriction site data from 100 individuals. Their tree was dissimilar from that of Nei & Roychoudhury (145) , which was based on protein polymorphisms. The most disturbing results derived from mtDNA data are those of Johnson et al (83) . who estimated the divergence time of the Bushmen at 220,(XX) BP and that of Asians and Europeans at only 5500 BP (alternatively, the evolutionary rate of Bushman mtDNA might be much faster than that of Asian and European mtDNA). As they note, these divergence times conflict seriously with archaeological and fossil evidence.
A recent theoretical analysis of the error variance of distances based on mtDNA data (139) demonstrated tbat for populations as closely related as human races, the standard errors of tbe distances are larger than the distances themselves. This is because the tiny mtDNA genome contains very few genes. Thus, some ofthe results cited above may be unreliable. mtDNA data are still useful for species-level comparisons such as the hominoid phylogeny, and tbeir unique features can provide added insights. Unless other statistical techniques can provide better resolution, it appears that mtDNA may be of limited use in human genetic distance studies.
DNA Polymorphisms on the Y Chromosome
Recently. DNA polymorphisms have been detected on the human Y chromosome (153, 154) . About five Y chromosome polymorphisms are now known (D. Page, personal communication) , and new ones are forthcoming. In some ways, these polymorphisms are the male counterpart of mtDNA polymorphisms: they are patemally inherited, and they are not subject to recombination. It will be particularly interesting to compare genetic distances based on Y chrotnosome polymorphisms with relationship matrices based on isonymy using the methods of Wijsmanet al (I94i, since surnames in many populations are also inherited through males CONCLUSIONS A review published in this series a decade ago (76) reached pessimistic conclusions regarding the future of human genetic distance studies. The reviewer found that such studies were of use primarily as an auxiliary tool in divining local histor\' and that the field generally lacked direction, it is agreed here that some genetic distance studies lack testable hypotheses or directed analysis. They tend to be uninspiring descriptions that are readily forgotten. It is also agreed that natural selection, the primary driving force of macroevolution, is difficult to measure effectively in human populations.
In spite ot these problems, this reviewer finds cause for optimism. The human species, because of its unique capacity to record its own histor\. provides ancillar>' data (e.g. migration, isonymy) that are unavailable for any other species. Such data arc valuable for testing evolutionary predictions and for exploring the interface between biology and culture, an area of special interest to anthropologists. .As this review attempts to demonstrate, microevo-!utionar\' studies can make singular contributions to the solution of thorny historical questions. It is argued that macroevolutionary contributions can also be made. And finally, there is considerable potential for genetic distance analyses to produce information of value in medical genetics Consideration of these and other types of goals should help the researcher to guide analysis in interesting and worthwhile directions.
Another source of optimism is thtr development of vasi new reserves of genetic data as a result of molecular genetic research. This review has shown that difficulties in human genetic distance studies are due more to a deanh of suitable data than a lack of statistical methods. As outlined above, this problem IS rapidly being overcome with hundreds of new DNA polymorphisms. In addition to providing data of greater quantity and suitability, the DNA polymorphisms will allow researLher^. lo pose completely new^ questions about human evolution.
Rapid advances in computer technology during the past decade provide another key component in the funherancc and improvement of genetic distance studies. Techniques such as maximum likelihood estimation, which w^ere once prohibitively time-consuming, can now be done relatively quickly and cheaply. With powerful microcomputers on nearly every desk and several excellent population genetic software packages available, any researcher who learns the techniques has few limitations in applying them.
In conclusion, the future appears bright for human genetic distance studies. A host of interesting questions, new data, and useful statistical techniques present themselves. The potentials are many, and the boundaries are few.
